Accurately characterising the brain networks involved in seizure activity may have important implications for our understanding of epilepsy. Intracranial EEG-fMRI can be used to capture focal epileptic events in humans with exquisite electrophysiological sensitivity and allows for identification of brain structures involved in this phenomenon over the entire brain. We investigated ictal BOLD networks using the simultaneous intracranial EEG-fMRI (icEEG-fMRI) in a 30 year-old male undergoing invasive presurgical evaluation with bilateral depth electrode implantations in amygdalae and hippocampi for refractory temporal lobe epilepsy. One spontaneous focal electrographic seizure was recorded. The aims of the data analysis were firstly to map BOLD changes related to the ictal activity identified on icEEG and secondly to compare different fMRI modelling approaches. Visual inspection of the icEEG showed an onset dominated by beta activity involving the right amygdala and hippocampus lasting 6.4 s (ictal onset phase), followed by gamma activity bilaterally lasting 14.8 s (late ictal phase). The fMRI data was analysed using SPM8 using two modelling approaches: firstly, purely based on the visually identified phases of the seizure and secondly, based on EEG spectral dynamics quantification. For the visual approach the two ictal phases were modelled as 'ON' blocks convolved with the haemodynamic response function; in addition the BOLD changes during the 30 s preceding the onset were modelled using a flexible basis set. For the quantitative fMRI modelling approach two models were evaluated: one consisting of the variations in beta and gamma bands power, thereby adding a quantitative element to the visually-derived models, and another based on principal components analysis of the entire spectrogram in attempt to reduce the bias associated with the visual appreciation of the icEEG. BOLD changes related to the visually defined ictal onset phase were revealed in the medial and lateral right temporal lobe. For the late ictal phase, the BOLD changes were remote from the SOZ and in deep brain areas (precuneus, posterior cingulate and others). The two quantitative models revealed BOLD changes involving the right hippocampus, amygdala and fusiform gyrus and in remote deep brain structures and the default mode network-related areas.
Accurately characterising the brain networks involved in seizure activity may have important implications for our understanding of epilepsy. Intracranial EEG-fMRI can be used to capture focal epileptic events in humans with exquisite electrophysiological sensitivity and allows for identification of brain structures involved in this phenomenon over the entire brain. We investigated ictal BOLD networks using the simultaneous intracranial EEG-fMRI (icEEG-fMRI) in a 30 year-old male undergoing invasive presurgical evaluation with bilateral depth electrode implantations in amygdalae and hippocampi for refractory temporal lobe epilepsy. One spontaneous focal electrographic seizure was recorded. The aims of the data analysis were firstly to map BOLD changes related to the ictal activity identified on icEEG and secondly to compare different fMRI modelling approaches. Visual inspection of the icEEG showed an onset dominated by beta activity involving the right amygdala and hippocampus lasting 6.4 s (ictal onset phase), followed by gamma activity bilaterally lasting 14.8 s (late ictal phase). The fMRI data was analysed using SPM8 using two modelling approaches: firstly, purely based on the visually identified phases of the seizure and secondly, based on EEG spectral dynamics quantification. For the visual approach the two ictal phases were modelled as 'ON' blocks convolved with the haemodynamic response function; in addition the BOLD changes during the 30 s preceding the onset were modelled using a flexible basis set. For the quantitative fMRI modelling approach two models were evaluated: one consisting of the variations in beta and gamma bands power, thereby adding a quantitative element to the visually-derived models, and another based on principal components analysis of the entire spectrogram in attempt to reduce the bias associated with the visual appreciation of the icEEG. BOLD changes related to the visually defined ictal onset phase were revealed in the medial and lateral right temporal lobe. For the late ictal phase, the BOLD changes were remote from the SOZ and in deep brain areas (precuneus, posterior cingulate and others). The two quantitative models revealed BOLD changes involving the right hippocampus, amygdala and fusiform gyrus and in remote deep brain structures and the default mode network-related areas.
In conclusion, icEEG-fMRI allowed us to reveal BOLD changes within and beyond the SOZ linked to very localised ictal fluctuations in beta and gamma activity measured in the amygdala and hippocampus. Furthermore, the BOLD changes within the SOZ structures were better captured by the quantitative models, highlighting the interest in considering seizure-related EEG fluctuations across the entire spectrum.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Introduction
Seizures are transient episodes of abnormal excessive or synchronous neuronal activity in the brain (Fisher et al., 2005) . Seizure generation and propagation involves evolving abnormal synchronization between regions at the seizure onset (Schindler et al., 2007) which NeuroImage: Clinical 11 (2016) 486-493 may vary from de-synchronization (deCurtis and Gnatkovsky, 2009; Gnatkovsky et al., 2008; Mormann et al., 2003; Niedermeyer, 2005; Truccolo et al., 2011; Wendling et al., 2003) to synchronization/hypersynchronization (Babb et al., 1987) .
The regions involved in the generation and propagation of ictal activity can be investigated with intracranial-EEG (icEEG) however it suffers from limited spatial sampling. Characterising the regions involved in this process would be a great advance in understanding epilepsy.
Simultaneous scalp electroencephalography and functional MRI (EEG-fMRI) has revealed often complex patterns of the blood-oxygenlevel-dependent (BOLD) changes, involving both SOZ and remotely, associated with interictal (Thornton et al., 2011; Tyvaert et al., 2008) and ictal (Tyvaert et al., 2008; Chaudhary et al., 2012; Thornton et al., 2010) activity in patients with focal epilepsy. However electrical ictal changes may show significantly delay (Tao et al., 2007) or be undetected (Smith, 2005) on scalp EEG.
A recent development has been the implementation of simultaneous recording of icEEG and fMRI (icEEG-fMRI) Vulliemoz et al., 2011; Cunningham et al., 2012) demonstrating significant BOLD changes for very focal interictal epileptiform discharges (IED).
Here we report on a patient who had a focal electrographic seizure limited to a few electrode contacts during icEEG-fMRI. Electrographic seizures are defined as those visible on EEG but that have no clinical correlates. In order to obtain a more complete characterisation of seizure dynamics, fMRI mapping was performed based on two modelling approaches: first, by modelling the BOLD changes corresponding to the seizure phases identified by visual inspection, and second, based on the quantification of EEG dynamics during the event.
The aims of the proposed analysis were firstly, to investigate the whole-brain BOLD changes related to the observed very focal ictal activity identified on icEEG and secondly to compare the different modelling approaches (visual vs quantitative) of EEG in their ability to capture BOLD changes in the seizure onset zone.
Methods

Patient selection
We report on a 30 year-old, right-handed male undergoing intracranial-EEG recordings as part of presurgical evaluation for refractory temporal lobe epilepsy at the National Hospital for Neurology and Neurosurgery (UCLH NHS Foundation Trust, Queen Square, London, UK). He was part of series of 18 patients who had no contraindications (Carmichael et al., 2010 and gave informed written consent to undergo icEEG-fMRI. He was selected for this analysis because uniquely in this series, he had an electrographic seizure recorded during icEEG-fMRI. The patient underwent standard presurgical evaluation including detailed history taking, neurological examination, long-term video-EEG monitoring, MRI and neuropsychological and neuropsychiatric assessment. He had undergone scalp EEG-fMRI recording prior to the invasive investigations. The clinical and icEEG implantation details are described in Table 1 . The patient had interictal discharges and seizures from bilateral temporal lobes independently. The patient's clinical seizures, and some electrographic seizures, arose from the left temporal lobe; other electrographic seizures arose independently from the right temporal lobe. No clinical seizures were recorded from the right temporal lobe. The seizure presented in this study was an electrographic seizure arising from the right temporal lobe. Electrographic seizures are defined as those visible on EEG but that have no clinical correlates. The patient was free of clinical seizures 4 years after left temporal lobe resection, which was performed following the investigation reported here. Antiepileptic medications were reduced by 50% only at 2 years postsurgery. Although the patient was free of clinical seizures it is likely electrical seizures may still occurring from the right medial temporal lobe, however these have not been further investigated with EEG after surgery since the clinical symptoms have been under control. 
icEEG-fMRI acquisition
After clinical icEEG recordings were completed, the implanted electrodes were connected to MR scanner-compatible amplifier system Vulliemoz et al., 2011; Carmichael et al., 2010) . IcEEG was recorded and displayed (BrainVision Recorder and RecView, Brain Products, Germany) during fMRI. In accordance with our icEEG-fMRI protocol two ten-minute resting state echo planar images (EPI) time series and T1-weighted structural scans were acquired using a 1.5 Tesla scanner (Siemens, Erlangen, Germany) with a quadrature transmit/receive head-coil and low specific absorption rate sequences (≤ 0.1 W/kg head average) (Carmichael et al., 2008 (Carmichael et al., , 2010 .
Visual icEEG interpretation and fMRI pre-processing
The scanner-related artefact corrected intracranial EEG (Allen et al., 2000) was reviewed by experts (BD, MW, UC) to identify interictal and ictal epileptic activity using Brain Vision Analyzer2 (Brain Products, Germany) and compared with long-term icEEG monitoring. IEDs were identified and classified according to their spatiotemporal distribution. Two left temporal and one right temporal IED types were identified in agreement with the findings in the clinical icEEG study. IED were included in the fMRI models to account for the effect of this activity.
The electrographic seizure was identified and partitioned into two distinct ictal phases: ictal onset and late ictal (Chaudhary et al., 2012) , according to their spatial and temporal characteristics involving different electrode contacts on icEEG. The ictal onset phase was characterised by relatively prominent beta activity (16 Hz) apparent at contacts RA 1-4 and RH 1-2 (duration = 6.4 s). The late ictal phase was characterised by prominent fast activity (gamma band: 49 Hz) visible at contacts RA 1-2, RH 1-2 and left posterior hippocampus (LPH) 4-5 (duration = 14.8 s).
The SOZ and IZ were defined based on the clinical icEEG assessment (see Table 1 ).
The fMRI data was analysed using Statistical Parametric Mapping (SPM) software version 8 (www.fil.ion.ucl.ac.uk) after discarding the first two volumes to avoid T1-saturation effects. The imaging time series data were corrected for slice acquisition time, realigned to the mean and spatially smoothed using an isotropic Gaussian-kernel of 8 mm FWHM (Friston et al., 1995) .
fMRI modelling of the visually identified ictal and preictal phases
In addition to the two ictal phases, and following our previous work (Chaudhary et al., 2012) , a preictal phase was defined covering the period starting 30 s prior to, and up to the first ictal electrographic change (i.e., start of the ictal onset phase) on icEEG. Two general linear models (GLM) were used to investigate the BOLD changes associated with the visually defined ictal and preictal phases:
• Model 1 Ictal changes: Each ictal phase was represented mathematically as variable-duration block and each IED type (either as stick functions and blocks for runs) as a separate regressor. To explain as much of the BOLD signal variance as possible, this model also included regressors of no interest representing motion (inter-scan realignment parameters and their Volterra expansion (Friston et al., 1996) ) and cardiac pulse (Liston et al., 2006) . Ictal phases and spikes were convolved with the canonical haemodynamic response function and its derivatives (Friston et al., 1994) . We used a segmented T1 structural mask co-registered to EPI, to limit our study to ictal and IED-related BOLD changes located in the grey matter. The fMRI data was high-pass filtered (cut-off: 128 s). • Model 2 Preictal changes: A Fourier-basis-set was used to flexibly model possible BOLD changes during the preictal phase defined as 30 s prior to the ictal onset phase. The regressors of model 1 were included in the design matrix of model 2 as confounds (Chaudhary et al., 2012) .
2.5. fMRI modelling: seizure spectral dynamics fMRI mapping of quantitative EEG characteristics was performed by constructing two parameterised models based on the seizure's spectral patterns ( Fig. 1) : beta and gamma bands power, and cross-spectral principal component analysis (PCA).
The EEG quantification window was defined as the period from 30 s prior to the ictal onset to the time of seizure termination. Four electrode contacts of interest were identified for this analysis: RA electrode contact 1 (RA1), RH electrode contact 1 (RH1), LA electrode contact 1 (LA1) and LAH electrode contact 2 (LAH2). A Morlet wavelet transform (Tallon-Baudry et al., 1998) was used to calculate the spectral power density in 1 Hz intervals in the range: 1-120 Hz. The resulting time courses were converted into a z-score for each frequency and convolved with the canonical HRF (see Fig. 1 ).
• Model 3 Beta and gamma bands power model: this model is designed to reflect the visual prominence of beta and gamma activities during the seizure. Two sets of 4 regressors, 4 for the beta band (15-35 Hz) and 4 for the gamma band (40-120 Hz), were defined based on the EEG at each of the four electrode contacts of interest; for each 1 Hz interval the power as a function of time at each channel was convolved with the canonical HRF, and averaged across intervals for each band. • Model 4 Cross-spectral PCA model: this model is designed to quantify the prominent spectral dynamics, and allows the characterisation of power and frequency shifts. A PCA of the power spectrogram was performed and the components that account for 90% of the variance were identified and used as regressors of interest to model BOLD changes. Model 4 was defined for each of the four electrode contacts of interest. Depending on the EEG channel between 4 and 6 components were found to describe 90% of the variance.
For all models, inter-scan realignment parameters and their Volterra expansion (Friston et al., 1996) , cardiac pulse (Liston et al., 2006) and IED were included in the design matrices for seizure spectral dynamics as confounds.
Assessment of the BOLD changes
SPMs were obtained for the ictal and preictal phases (models 1 and 2), beta and gamma powers (model 3) across the principal component regressors (model 4) for each electrode of interest using appropriate F contrasts. For each effect of interest, the presence of significant BOLD changes was assessed over the whole brain at a statistical threshold of p b 0.001 (uncorrected for multiple comparisons) and a cluster size threshold of 5 contiguous voxels (Chaudhary et al., 2012; Zijlmans et al., 2007; Pittau et al., 2012; Donaire et al., 2009 ). The resulting maps were co-registered with the T1-weighted MRI scan using rigid-body co-registration in SPM, and were classified as either Entirely Concordant, Concordant Plus, Some Concordance and Discordant based on the location of global statistical maximum (GM) BOLD cluster and other BOLD clusters in relation to the SOZ for seizure (Chaudhary et al., 2012) .
Results
BOLD changes for visual segmentation of ictal phases and IEDs (models 1 and 2)
No significant changes were observed for the preictal phase ( Fig. 2 ; Table 2 ). Significant BOLD changes for the ictal onset phase were seen in right temporal lobe (TL) involving both medial (temporal pole/fusiform gyrus) and lateral structures, and regions belonging to the default mode network (DMN). For the late ictal phase significant changes were located in the right hemisphere remote from SOZ (right occipital and DMN regions). The maps were classified as Concordant Plus and Discordant respectively.
BOLD changes for seizure spectral dynamics (models 3 and 4)
For model 3, beta power across all four electrodes was associated with significant BOLD increases in the frontal lobe regions (L inferior frontal gyrus and R frontal pole), classified as Discordant (Fig. 3aii ). Gamma power was associated with significant BOLD changes in the R hippocampus and frontal lobe areas (R frontal pole, L inferior and L superior frontal gyrus) ( Table 3, Fig. 3ai ), and classified as Concordant Plus.
For model 4, significant BOLD changes were revealed in the R hippocampus/amygdala and fusiform gyrus, and in the left and right frontal lobes, for 3 out of the 4 electrodes of interest: RH1, LA1, LAH2 (Fig. 3b ; Table 3 ). No significant activations were revealed for model 4 for RA1. The LA1 map was classified as Concordant Plus and the RH1 and LAH2 maps were classified as Some Concordance.
(For the BOLD maps associated with individual PCs see Supplementary  Table S1 , Figs. S1-S4).
Discussion
To our knowledge this is the first report of BOLD changes associated with an electrographic seizure recorded from the right temporal lobe on icEEG. This presents us with an opportunity to investigate the brain networks involved in the transition from interictal to ictal state and propagation over the entire brain and to investigate the correlates of BLOD changes to the different EEG modelling approaches. The main findings derived from the different models are:
• Visually identified phases (model 1) showed significant BOLD signal changes in the right temporal lobe for the ictal onset phase and a widespread network for the late ictal phase. • Quantitative analysis of EEG (models 3 and 4) across the period covering the pre-ictal and ictal phase was more sensitive to activity in the key structures of SOZ (amygdala and hippocampus) than the visual approach. In particular BOLD changes related to the PCs, and to a lesser extent to gamma band power, showed significant activity in SOZ next to the active electrodes. • Additional regions beyond the seizure onset zone and not covered by the intracranial recording were consistently revealed across the different analyses. These include right fusiform gyrus, and frontal lateral and orbitofrontal cortices, and areas belonging to the DMN, suggesting these areas may be part of the epileptogenic network.
Methodological aspects
We followed a strict icEEG-fMRI safety protocol (Carmichael et al., 2008 (Carmichael et al., , 2010 and EEG data quality was sufficient for meaningful quantification. Some MRI signal dropout was observed within 1 cm around implanted electrodes in the amygdalae and hippocampi, which can significantly limit BOLD sensitivity in these regions . Intracranial EEG has high sensitivity allowing identification of very focal epileptic events including seizures and interictal discharges, and therefore may be associated with relatively weak BOLD changes. Nonetheless, we found significant BOLD changes in the SOZ, in line with previous findings Cunningham et al., 2012) .
Our two-pronged fMRI mapping strategy was designed to use human expert knowledge (visual ictal phases identification plus preictal period: models 1 and 2 (Chaudhary et al., 2012) ) on one hand and, given the recognised importance of certain EEG rhythms during seizures and overlaid on glass brain and on a co-registered T1-volume. (i) Ictal onset phase-related BOLD clusters were seen in the right fusiform gyrus (global statistical maximum: cross-hair) in addition to other clusters in the right temporal lobe and the precuneus. (ii) Late-ictal phase-related BOLD clusters were seen in the precuneus (global statistical maximum: cross-hair) in addition to other clusters in the right temporal lobe and the posterior cingulate. the very direct measurement provided by icEEG, to assess the value of a more quantitative BOLD predictors on the other, and to compare the two approaches. Beta and gamma band activities are often associated with ictal events at seizure onset (Bartolomei et al., 2004; David et al., 2011) and were visually evident during the seizure under investigation. We therefore used signal power in these two EEG frequency bands to derive BOLD predictors that can be modulated within and across ictal phases (model 3) (in contrast to variable-duration fixed-amplitude blocks for models 1 and 2) over the entire duration of the combined preictal and ictal phases.
In a further more data-driven modelling approach (model 4), we wanted to explore a model incorporating activity over the full range of frequencies to attempt to capture the most prominent shifts in frequency during the event. To this effect, we performed PCA of the spectrogram, taking care of normalising to account for the EEG's 1/f power distribution. Our quantitative approach focused on the four EEG electrode contacts located in the mesial temporal structures bilaterally: RA and RH within the SOZ and LA and LAH contralaterally, because of their clear epileptogenic role, confirmed by surgical outcome and given the gradual spread of the ictal activity in those channels.
Biological significance
We found that ictal onset phase-related BOLD maps were more closely co-localised with the SOZ and all the clusters of activity but one were located in the right temporal lobe compared to late ictal phase related maps which showed widespread activity. This is in line with our own (Chaudhary et al., 2012; Thornton et al., 2010) and other (Donaire et al., 2009; Tyvaert et al., 2009 ) findings using scalp EEG-fMRI in patients with refractory focal epilepsy. The regions revealed in the early ictal phase go in accordance with the findings that organized networks in medial and lateral temporal lobe are at play in the process of seizure generation in medial temporal lobe seizures (Bartolomei et al., 2001) .
However, BOLD signal changes in the key structures involved in seizure generation (amygdala and hippocampus) were only captured by the quantitative models (models 3 and 4). In particular, the PCs of the EEG signal across the period covering the pre-ictal and ictal phases revealed the strongest activity clusters in the regions of electrode placement followed by gamma power fluctuations.
Several factors can offer an explanation to these findings and the differences observed between models. For the visual analysis, the seizure is Fig. 3 . Seizure-related BOLD changes based on seizure spectral dynamics (models 3 and 4). BOLD changes overlaid on glass brain (sagittal slice) and on a co-registered T1-volume. (a)(i) gamma power from all four electrode contacts showed changes in right hippocampus (red marker on sagittal slice of glass brain and cross hair on T1-volume); (ii) beta power from all four electrode contacts showed changes in left orbitofrontal cortex (red marker on sagittal slice of glass brain, cross hair on T1-volume). (b) BOLD changes for model 4: (i) all PCA components from electrode contact RH1 in right hippocampus and left orbitofrontal cortex (ii) all PCA components from electrode contact LA1 in the right fusiform gyrus and right hippocampus (iii) all PCA components from electrode contact LAH2 in the right hippocampus and right fusiform gyrus and left orbitofrontal cortex (red marks in crystal brain and crosshair correspondence). segmented in different phases according to the prominent rhythms, which is subjective, and one phase is explored at a time. While this approach creates a potentially more clinically-relevant hypothesis about seizure dynamics this segmentation process, by forcing a categorisation, may ignore crucial information contained on the EEG that relates to the activity in the key structures of SOZ. In this case study, ictal onset and late ictal phases revealed the specific regions that are differently involved for each phase: a set of regions in the medial and lateral right TL is involved in the onset and a widespread network is related to the late phase. However the activity in amygdala and hippocampus was only revealed when the entire pre-ictal and ictal period was examined and the EEG information was summarized in PCs or band fluctuations. As noted, the two quantitative models, capture signal variations across the whole pre-ictal and ictal period (51.2 s). The highest sensitivity to BOLD changes in the hippocampal/amygdala region was achieved by the PCs of the spectral decomposition of the seizure (model 4). The PCs encapsulate the main features across the EEG spectrogram, suggesting that the BOLD signal changes in the SOZ structures are better explained by a combination of EEG features across bands and phases than the individual ictal phases. We note that the results were similar between the different electrode contacts, most likely because they all record the main seizure features.
From the two EEG bands analysed, gamma power fluctuations showed a significant correlation with the SOZ structures while beta activity related to frontal regions. Gamma activity has been reported to be the band that better explains BOLD signal changes in a large range of brain networks (Laufs, 2008) , this could offer an explanation of why gamma fluctuations extracted from the electrodes in amygdala and hippocampus during the preictal and ictal period may correlate better with BOLD signal in this structures compared with beta. It is also of note that following convention, the gamma band model covers a wider part of the spectrum (40-120 Hz) than the beta (1-35 Hz) and therefore may encapsulate a greater amount of EEG information.
In addition to BOLD changes in the SOZ, significant changes were seen in the remote cortical areas including the right fusiform gyrus, orbito frontal cortex and areas belonging to the default mode network for visual based and spectral dynamics based modelling. These findings are in agreement with previous scalp EEG-fMRI studies (Laufs et al., 2007) and raise the question regarding role of these structures in the seizure generation and propagation. The precuneus has been shown to play an important role in the generation/maintenance of generalized spike wave discharges (Vaudano et al., 2009) . We suggest that it may also have important role to play in focal seizure generation and spread in line with previous findings in focal refractory seizures using scalp EEG-fMRI (Chaudhary et al., 2012; Donaire et al., 2009; Tyvaert et al., 2009) . Regions such as the orbitofrontal cortex and cingulate have been suggested to participate in the inter-hemispheric spread of medial temporal lobe seizures (Chabardes et al., 2005; Lieb et al., 1991; Lieb and Babb, 1986; Laufs et al., 2011) .
Quantitative vs qualitative models
We suggest that beta and gamma band power and PCs of the spectral decomposition of the seizure represent a relatively unbiased modelling approach to characterise ictal dynamics locally and remotely with higher sensitivity than based on a more conventional, visual based segmentation of the ictal event. This is at the slight cost of losing a direct link with the expert visual description of the seizure evolution which by taking into account the spatiotemporal and electroclinical characteristics, can attempt to separate the ictal onset related BOLD changes from propagation related BOLD changes. We also suggest that the availability of icEEG data makes a quantitative approach more suitable for concurrent fMRI modelling compared to scalp EEG.
Conclusions
In conclusion icEEG-fMRI allowed us to reveal BOLD changes within and beyond the SOZ linked to very localised ictal fluctuations in beta and gamma activity measured in the amygdala and hippocampus. Furthermore, the BOLD changes within the SOZ structures were better captured by the quantitative models, highlighting the interest in considering seizure-related EEG fluctuations across the entire spectrum.
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